Acronyms and Abbreviations

Introduction
Acoustic telemetry has been identified as a technology for observation of behavior and assessment of survival for juvenile Chinook salmon passing through the Federal Columbia River Power System (FCRPS). Considerable effort has been expended to understand the biological effects of implantation of acoustic transmitters in yearling and subyearling Chinook salmon. Much additional effort has gone into development of autonomous and cabled receiving systems that can be deployed at dams and elsewhere in the river to detect fish bearing acoustic transmitters and process the resulting detection data to track the fish and provide data necessary to estimate survival by dam route of passage.
Bioeffects studies conducted to date show that reduction in the weight of Juvenile Salmon Acoustic Telemetry System (JSATS) transmitters will provide biological benefits and broaden the range of applications. Additional benefits, both biological and economic (reduction in costs of use), are possible through changes in the weight 1 1. reduction in tag burden for subyearling Chinook salmon and similar-size salmonid migrants originating upstream of Bonneville Dam, to reduce the risk of bias in dam passage survival estimates resulting from differential probability of mortal injury between untagged and tagged fish when exposed to rapid decompression , volume, and shape of a transmitter that would permit implantation by injection rather than surgery. In particular, biological benefits sought are 2. reduction in tag burden for juvenile salmonids originating downstream of Bonneville Dam, to permit longer-term study of their behavior, habitat use, and survival during residence in the Columbia River estuary and the river reach between Bonneville Dam and the estuary 3. changes in the volume and shape of transmitters, to permit implantation by injection instead of surgical implantation.
The juvenile Chinook salmon and steelhead trout that originate upstream of Bonneville Dam are the main concern for improvements in dam passage at mainstem federal dams on the Snake and Columbia rivers but are not the only fish of concern in the Columbia River downstream of Bonneville Dam. Other juvenile Chinook salmon enter the lower river from several tributaries to the Columbia River. Many of the juvenile fish that enter the Columbia River downstream of Bonneville Dam exhibit a variety of behaviors that differ in significant ways from those that enter upstream of Bonneville Dam. They also differ in age and size. In addition, the river environment downstream of Bonneville Dam differs significantly from that upstream, particularly when the river becomes increasingly estuarine in contrast to the reservoir environments that dominate upstream of Bonneville. The combination of these differences makes it very difficult to directly apply currently available acoustic telemetry transmitters, receivers, and biological-effects knowledge gained in the mainstem Columbia River upstream of Bonneville Dam to fish in the lower reaches of the river and estuary.
Study Objectives
The work described in this report was undertaken at the request of the U.S. Army Corps of Engineers (USACE), Portland District, by Pacific Northwest National Laboratory (PNNL). This study is the first of 1.2 four phases of a project to specify, design, prototype, and test a JSATS transmitter smaller in size than that currently in use. The primary objective of the study was to identify alternatives for decreasing the size of JSATS transmitters to achieve the biological effects noted above. Secondary objectives were to identify opportunities to reduce the manufacturing complexity and cost of JSATS transmitters and identify strategies to incorporate design alternatives into ongoing competitive procurement of JSATS transmitters.
Report Organization
In Section 2, we discuss the weight, volume, and shape targets for transmitter downsize and some of the expected biological benefits. In Section 3, we discuss identified transmitter downsize alternatives for implementation of a transmitter based on an application-specific integrated circuit (ASIC). Section 4 lists the tasks and schedule for development of an ASIC to enable transmitter downsize. In Section 5, conclusions drawn from the results of this study are presented. Published sources cited in the text are listed in Section 6.
2.1
Transmitter Size Considerations
The passive integrated transponder (PIT) tag, a small passive radio frequency (RF) transponder (Figure 2 .1), was introduced initially for use in juvenile Chinook salmon in the Columbia River. The PIT tag provided the means to tag large numbers of downstream migrants to obtain information about their migration through the FCRPS. To the present, because of its ease of implantation by injection, relatively limited biological effects, and its widespread acceptance for use in fish as small as 65 mm in length, the PIT tag has been the target in size and implantation method for telemetry devices. Historically, the criterion for use of telemetry devices in fish has been in the form of the ratio of device dry weight to fish dry weight (called tag burden). Some biologists have suggested that this tag burden not exceed 2% (Winter 1996) . However, there have been numerous laboratory based studies that indicate that a tag burden higher than this may not influence swimming performance, growth, tag retention, or survival (Brown et al. 1999 (Brown et al. , 2006 (Brown et al. , 2010 Anglea et al. 2004; Zale et al. 2005) . To this day, discussion continues about the 2% rule presented by Winter (1996) . Jepsen et al. (2005) suggested that although it is "…important to minimize the size of a transmitter and disturbance to a fish," conclude that there is no "generally applicable rule" for tag burden (Jepsen et al. 2005) . They assert that the maximum burden should be determined by study objective, tagging method, and the species/life stage to be studied. Those conducting research using acoustic telemetry in the FCRPS for the USACE have implicitly adopted this argument. Figure 2 .1 shows the differences in size and shape between the current JSATS transmitters and a PIT tag. The JSATS transmitter battery is one of the major tag elements that currently inhibit implantation of the tag by injection rather than surgery. Although not explicitly considered in this report, it is clear that any action taken to downsize JSATS transmitters must identify alternatives to replace the hearing aid batteries now used to power JSATS transmitters.
Beginning in 2006, the USACE initiated the use of rapid decompression as a stressor to evaluate the risk of injury to fish for telemetry devices by implantation method, burden, and various device characteristics. Initial studies developed the baseline response to rapid decompression for juvenile Chinook salmon that were not tagged. . These studies developed the response of untagged fish expressed as the probability of mortal injury to rapid decompression for a range of acclimation pressures, nadir pressures, rate of change in pressure, and total dissolved gas pressure. The response of test fish to rapid 2.2 decompression was described using likelihood equations that related the exposure treatment variables to probability of mortal injury for subyearling and yearling Chinook salmon. Testing to assess the risk of mortal injury for treatments that include a range of acoustic transmitter designs and tag burdens is nearing conclusion.
The selection of rapid decompression as a stressor for evaluation of acceptable tag burdens is based on the need to evaluate potential bias in turbine and spill passage survival rate estimates made using data obtained from observations of dam passage of fish bearing telemetry devices and experiencing rapid decompression. In addition, exposure of tagged fish to rapid decompression provides a rapid assessment of the susceptibility of fish bearing telemetry devices to reduction in fitness compared to untagged fish. We use the results of recently completed studies on untagged juvenile Chinook salmon (Skalski and Seaburg 2010) and preliminary results of studies currently under way of tagged juvenile Chinook salmon 2 Research on the response of juvenile Chinook salmon varying in weight from approximately 7 g to 55 g (corresponds to fish length from approximately 90 mm to165 mm) to tag burdens over the range of less than 1% to a little over 6% of fish weight has been under way over the last two years and is nearing completion. The treatments (tag designs and combinations) in the study are shown in Table 2 .2. All treatments were applied to fish over the weight range of approximately 9 g to 55 g. Only the PIT tag treatment was applied to fish less than 9 g in weight. Statistical analysis of the response of fish to rapid decompression (Skalski and Seaburg 2010) indicated that the type of burden the test fish carried (i.e., PIT tag only through double-battery JSATS transmitter + PIT tag) was not a significant factor affecting fish response. The burden of the tag on the fish (tag weight divided by fish weight), in conjunction with variables describing features of the decompressive exposure, explained almost all of the variability in test results (Skalski and Seaburg 2010) .
to develop preliminary guidelines for the acceptable tag burden for fish less than 95 mm in length. The model that best fit the rapid decompression response data for both untagged and tagged juvenile Chinook salmon over the weight range inclusive of both subyearling and yearling run types is shown in Equation (2.1) (Skalski and Seaburg 2010) . where Natural log ratio of pressure change (LRP) is defined as Acclimation pressure LRP ln Nadir pressure
Tag burden is defined as tag . burden 100 .
tag weight fish weight = × . Equation (2.1) was used to estimate the response of juvenile Chinook salmon over the weight range from 2 g to 30 g (Figure 2 .2), which corresponds to a length range of 60 to 150 mm (Figure 2. 3). These estimates were made with the LRP set to zero. The response variable, mortal injury, refers to a subset of barotrauma injuries correlated with increased risk of mortality but is not a predictor of mortality (McKinstry et al. 2007 ). Here these predictions are used to indicate the potential biological benefits for reductions in the weight of JSATS transmitters.
2.4 At the present time, both JSATS and PIT tags are implanted in juvenile Chinook salmon greater than 95 mm in length (approximate weight of 9 g) to estimate their survival and behavior while migrating through the mainstem FCRPS dams and estuary. The combined dry weight (weight in air) of the JSATS transmitter and PIT tag is 0.536 g. For the smallest juvenile Chinook implanted, this is a burden of approximately 6%. Inspection of Figures 2.2 and 2.3 indicates that this burden corresponds to a probability of mortal injury of 0.40.
As indicated above, this value of mortal injury does not represent a prediction for probable mortality but is an indicator that can be used to assess the relative biological effect of a burden of this magnitude relative to increases and decreases in fish weight or length. For example, the relative biological effect of a burden of 0.536 g is roughly four times less for a juvenile Chinook salmon that weighs 14 g (108 mm in length) than for a 9-g (95-mm) juvenile Chinook at the lower threshold for tagging. These data also suggest that a reduction in tag weight to 0.200 g would reduce the relative biological effect for a juvenile Chinook at the current threshold for tagging to near that for an untagged or PIT-tagged juvenile Chinook. These data also indicate that, using the same criterion for the threshold on fish size for tagging, a tag weighing 0.2 g could be implanted in juvenile Chinook salmon approximately 3.5 g in weight or 70 mm in length.
3.1
Downsize Alternatives Assessment
The primary goal in developing the JSATS was to create an open-source telemetry system for juvenile salmon that would meet USACE needs to estimate the survival of juvenile salmon migrating through the FCRPS and could be procured competitively by the government. Use of the current acoustic microtransmitter during several juvenile salmon outmigration seasons has demonstrated that its functionality is adequate to meet present USACE measurement objectives. Although its size meets current tag burden guidelines for most yearling Chinook salmon, reduction in size would reduce the possibility of adverse effects of implantation and would likely provide additional biological benefits for tagged fish. The current transmitter is too large for smaller juvenile Chinook salmon, particularly those found in the lower Columbia River and estuary that enter the river downstream of Bonneville Dam. Recent laboratory and in-field bioeffects studies indicate that juvenile Chinook less than 95 mm in length (approximately 9 g) implanted with the current JSATS transmitter and PIT tag would have reduced survival and growth (Brown et al. 2010; Rub et al. 2010) .
This section gives an assessment of how the current acoustic microtransmitter might be downsized to reduce biological stress to subyearling salmon and permit tagging of smaller juvenile Chinook salmon while retaining transmitter functionality. The main component of this effort is integrating a significant portion of the functionality onto an application-specific integrated circuit (ASIC). Not only would this approach reduce the size and weight of the tag, it also could increase the battery life and reduce manufacturing costs. In addition, it will become apparent in the following discussion that reductions in battery size and density are major factors affecting ability to achieve major reductions in microtransmitter weight and volume. Table 3 .1 lists the properties of past and current JSATS acoustic microtransmitters, along with the maximum acceptable JSATS microtransmitter target size and weight for this evaluation effort. Included are representative tags from Sonic Concepts (SC) and Advanced Telemetry Systems (ATS). A Digital Angel TX1400ST PIT tag is also included for comparison. From the analysis presented in Section 2, it is clear that reduction in transmitter weight beyond that of the target in Table 3 .1 would be desirable. Although the target does not include consideration of tag shape, any transmitter downsizing effort should focus also on alternatives to the batteries currently in use to move toward transmitter shapes that would permit implantation by injection. In addition to reducing size and manufacturing costs of microtransmitters, the use of ASICs could integrate more functionality into the transmitters, extending the range of fish behavior, migration, ecology, and survival assessment applications.
Application-Specific Integrated Circuit Overview
The ASIC design process involves a number of steps:
• selection of an appropriate fabrication technology
• creation of circuit schematics
• simulation of the circuit schematics
• conversion of the schematics into a physical transistor layout
• design rule check of the layout
• back-conversion of the layout into a schematic with physical parameter values
• verification that the two schematics are functionally equivalent
• simulation of the back-converted circuit schematic
• transmission of the design to an appropriate foundry for fabrication.
These steps can be accelerated or automated with appropriate software tools. Commercial-quality tools are practically essential for designing an ASIC of any complexity. However, these tools are quite expensive and require specialized knowledge. Hence, the best option is to partner with a university or laboratory that has these resources.
The level of effort required to develop an ASIC depends mainly on the complexity of the design. However, purely digital circuits also require significantly less design time than mixed-signal circuits that integrate both analog and digital components. Mixed-signal design also requires more specialized expertise.
The total cost of an ASIC depends greatly on the design complexity and fabrication technology. Purely digital circuits require less design time than mixed-signal circuits that integrate both analog and digital components. The circuit complexity affects both the design time and the physical size of the layout. If the physical size is limited, a more expensive fabrication technology must be used.
The fabrication process incurs a large initial cost to create the necessary set of photolithography masks. These masks usually cost many thousands of dollars. For low-volume applications, services such as MOSIS 1 1 can reduce this cost by combining designs from multiple customers onto the same silicon wafer. The individual dice are separated after fabrication. Each lot contains 40 parts. The prices would roughly scale with area. For higher-volume applications, MOSIS also offers dedicated runs, with one customer paying the total cost.
http://www.mosis.com.
3.3
Current JSATS Microtransmitter Functionality
A large portion of the current JSATS microtransmitter could be integrated onto a single ASIC. The small microcontroller currently performs all message timing and generates the output sequence for the drive transistors. One could easily replace this component with dedicated digital circuitry. The circuitry would need some nonvolatile memory for storing the unique tag address. Many fabrication technologies now support flash memory, so this requirement is not of concern. The digital logic could be designed to run at low voltage, potentially eliminating one of the batteries now required, or permitting the use of other batteries that are smaller in size than those currently being used.
In addition, the comparator and output drive transistors could be combined easily with the digital logic on the ASIC. Some fabrication technologies support two different transistor voltage levels, so that the digital logic could run at low voltage while the input and outputs could support a larger voltage range.
Integrating the analog components onto the ASIC would be more challenging. The passive resistors and capacitors may seem like an obvious choice, but the absolute accuracy of on-chip passive components is rather poor (±25%). In addition, capacitors in particular consume a large area: a general rule of thumb is 1 mm 2 /nF. One upside of on-chip passive components is that the matching accuracy between two identical devices is very good (±0.1%). The differential resistors in the current JSATS microtransmitter might benefit from this accuracy, although the capacitors are probably too large. An alternative is to replace the resistors and capacitors in the output drive stage with a switched-capacitor filter. This analog circuit design technique uses small capacitors and transistor switches to produce the same overall functionality.
Another concept is to replace the external resonator with a temperature-compensated delay-locked loop (DLL). This circuit essentially contains a ring of digital inverters that oscillates at a predetermined frequency. The circuit could also be tunable in the field to compensate for process variations. With these techniques, the frequency error of the transmitted signal might decrease from 0.5% to 0.1%, making the receiver design much less complex.
Finally, the wire-wound transformer in the current microtransmitter is an ideal candidate for replacement, due to its large size and expensive assembly process. The transformer is used to step up the current for the piezoelectric transducer (PZT) crystal. An alternative is to replace the transformer with a charge pump. This circuit uses a small, continuous current to gradually charge a series of capacitors. The voltage level of the output can be several times the voltage of the input. Preliminary calculations indicate that around four external 100-μF capacitors would be required. Thus, this alternative might not reduce the area but would reduce the assembly cost. Table 3 .2 summarizes the options discussed so far for the ASIC. Included is the overall complexity, additional requirements, and estimated risk of each alternative. 
Application-Specific Integrated Circuit Packaging Alternatives
Typically, integrated circuits are packaged within a black ceramic or plastic case after fabrication. The input and output pads on the die are wire-bonded to the package pins, which are then soldered to the underlying circuit board. An alternative is bare die assembly, whereby the unpackaged die is bonded directly to the circuit board. This approach not only reduces the physical size of the circuit but also improves performance and reliability. Using this approach for the ASIC in the acoustic microtransmitter would significantly reduce the size and weight. In fact, the approach might even be essential to meet the target requirements.
Several alternatives are available for mounting an unpackaged die to the circuit board:
• chip-on-board -The die is attached to the circuit board with epoxy, bottom-side down. A conductive epoxy may be used to provide an additional connection to ground. The input and output pads are wire-bonded to the circuit board. Finally, the die is covered with a protective coating that minimizes stresses on the wire bonds.
• flip-chip bumping -The die is attached to the circuit board, top-side down, such that the input and output pads make contact with corresponding pads on the circuit board. A special solder or adhesive ensures good electrical contact between the pads. A protective coating is then applied as a backfill and underfill for the die. This approach requires less area than chip-on-board and further improves the reliability.
• stacked die -This option is available only with custom integrated circuits that are designed to stack on top of each other.
A number of companies, such as Interconnect Systems Inc. , offer bare die assembly services. Clearly, this process requires special equipment due to the handling requirements of unpackaged die.
http://www.isipkg.com.
3.5
However, according to one distributor for bare die components 3
Evaluation
, bare die assembly actually saves money for high-volume applications, due to the increased functionality per square area and streamlined assembly flow. For a production run of 1million components, the unit cost might range around $0.41 for chip-onboard and $0.20 for solder flip-chip bumping, versus $0.78 for standard packaging.
Using bare-die assembly would significantly reduce the size and weight of the microtransmitter. In all, the resistors, capacitors, comparator, and output transistors could be replaced with unpackaged parts with identical functionality. It might be necessary to change the microcontroller if the component is not provided as a bare die. As stated earlier, a custom ASIC could readily be used in unpackaged form. Parts that would not likely have an unpackaged equivalent include the activation switch, transformer, battery, and PZT crystal.
In general, bare-die assembly is becoming popular for high-volume designs with a custom ASIC, because the additional cost of equipment is offset by the lower complexity of fabrication. However, the cost would likely increase for this application, due to the additional cost of procuring components plus the special manufacturing requirements. The overall risk is low if the procurement and assembly are carried out by companies with experience in the area. Further study would be necessary to determine whether bare-die assembly would be a viable approach for the acoustic microtransmitter.
Potential Extended Microtransmitter Functionality
The ASIC can integrate other functionality beyond that provided by the current microtransmitter. For example, the integrated circuit could contain an amplifier that would enable the PZT crystal to be used as a receiver as well as a transmitter. This approach would enable a number of capabilities: placing individual tags in active or hibernation mode, synchronizing the transmit frequency to the frequency of the receiver, and storing location information on the tag through the use of position beacons. It is also possible for the tag to use an RF receiver, although this approach would require an external antenna.
Depending on the remaining area available, other transducers conceivably could be placed on the tag as well. A pressure transducer would provide an estimation of the depth, which substantially reduces the complexity of the tracking problem. A temperature sensor might indicate whether the fish was alive or dead. The ASIC would contain the amplifier or other circuitry required for the new sensors. Table 3 .3 summarizes the options for extending the functionality of the microtransmitter by integrating more functionality into the ASIC. 
Application-Specific Integrated Circuit Fabrication
ASIC fabrication is performed at an integrated circuit foundry. The fabrication process incurs a large initial cost to create the necessary set of photolithography masks. These masks cost many thousands of dollars and thus are economical for only high-volume production. The fabrication technology significantly affects the cost as well: a die with 90-nm feature sizes might pack 30 times more transistors in the same area but cost 20 times more than a die with 500-nm feature sizes.
Usually, initial prototypes of an ASIC are fabricated and tested before a high-volume production run is started. Services such as MOSIS 4 Table 3 .4. Current MOSIS prices for fabricating a 2.25-mm 2 unpackaged application-specific integrated circuit by technology alternatives reduce the effective fabrication cost by combining designs from multiple customers onto the same silicon wafer. The individual dice are separated after fabrication. Price per lot $6,500 $13,800 $23,000 $45,000 $125,000
Application-Specific Integrated Circuit Design Alternatives
We have identified three alternatives for integrating the functionality of the acoustic microtransmitter into an ASIC. Option 1 is a low-risk approach that offers no major technical challenges. Option 2 is a medium-risk approach that requires additional development time but integrates more components onto the ASIC. Finally, Option 3 is another medium-risk approach that incorporates new functionality into the ASIC. This section first describes the reference design for the acoustic microtransmitter and then presents the three design alternatives in detail.
3.5.1
Current Design Although this design has been successfully implemented on the 2006 SC tag, it has a number of drawbacks. The microcontroller is underutilized, as it generates only a fixed waveform that transmits the specific tag code. The carrier frequency is susceptible to frequency error due to parameter variations in the oscillator circuit. Finally, the transformer has a high manufacturing cost due to its required size.
It should be noted that the ATS-manufactured tag uses a different design that achieves smaller area; however, detailed information about this design is not available.
Option 1
The first design alternative, shown in Figure 3 .2, integrates the functionality of the microcontroller, oscillator, and driver transistors into an ASIC. The ASIC contains a small flash memory to store the tag code, a temperature-compensated phase-locked loop to generate the carrier frequency, and output transistors to drive the transformer. The passive filter is left unchanged. When a fixed number of carrier frequency cycles have elapsed, the ASIC drives the inputs of the passive filter with the tag code. The 3.8 outputs of the passive filter are routed to the output transistors that drive the transformer. The tag code could be programmed into the ASIC after installation on the circuit board but prior to final conformal coating.
With proper design of the phase-locked loop, the carrier frequency would have frequency accuracy superior to that of the current acoustic microtransmitters. The ASIC could store calibration coefficients in additional flash memory to compensate for parameter variations. The entire design would fit easily on a 2.25-mm 2 die in 500-nm fabrication technology or larger. Many technologies can support flash memory, so storing the tag code would be straightforward. One potential concern is that 500-nm technologies are usually designed for 5-V operation, whereas the battery would produce much lower voltage. This concern can be alleviated with low-power circuit design techniques. Approximately nine months of design time would be required to develop an initial version of the ASIC.
Option 2
Option 2, illustrated in Figure 3 .3, further reduces the number of components required in the tag. The external filter is replaced by an internal switched-capacitor filter, with the capacitors implemented on the ASIC itself. In addition, the transformer is replaced with a switched inductor-capacitor circuit using an off-the-shelf inductor. The ASIC drives the PZT crystal directly with a 12-V output. The overall operation of the ASIC remains the same as that of option 1.
This approach is medium-risk due to a number of design challenges:
• design of a switched-capacitor filter with acceptable frequency stability
• design of a switched inductor-capacitor circuit with adequate drive capacity 3.9
• selection of an appropriate fabrication process that can drive the PZT transducer at 12 V and handle the necessary currents from the inductor.
Because of these challenges, the ASIC would require approximately twelve months of design time and possibly a more expensive fabrication process. 
Option 3
Option 3 uses the same circuit as option 2 but integrates additional functionality into the acoustic microtransmitter. For example, the ASIC could contain an amplifier that would enable the PZT crystal to be used as a receiver as well as a transmitter. This approach would enable a number of capabilities: placing individual tags in active or hibernation mode, synchronizing the transmit frequency to the frequency of the receiver, and storing location information on the tag through the use of position beacons.
Depending on the available area, other transducers conceivably could be placed on the tag as well. A pressure sensor would provide an estimation of the depth, which substantially reduces the complexity of tracking the fish. A temperature sensor might indicate whether the fish was healthy or dead. The ASIC would contain the amplifier or other circuitry required for the new sensors and would transmit the sensor data along with the tag code.
For this report, it is assumed that a small pressure sensor is added to the acoustic microtransmitter and that the ASIC contains the necessary interface circuitry. The development cost for option 3 would not be significantly greater than that for option 2.
Comparison of Alternatives
To estimate the size and weight reduction that could be gained by using an ASIC, Tables 3.5 and 3.6 give a breakdown of the components required by the alternatives discussed previously. The known data from the 2006 SC tag and the 2008 ATS tag also are included. A tilde (~) denotes an estimated value based on available data. Because a materials list for the ATS tag was not available, the volume and dry weight shown represent the values for a populated circuit board.
As shown, all three options have substantially reduced size and weight compared to the SC tag. Compared to the ATS tag, Option 1 has 17% larger volume but 15% lower weight. Option 2 has 5.6% smaller volume and 23% lower weight. Finally, option 3 has approximately equal volume and 15% lower weight. From this analysis, it appears that options 2 and 3 show good promise.
Although using an ASIC will decrease the volume and weight of the current dual-battery JSATS transmitters, it is clear that a single battery implementation will be necessary to achieve the target volume of 100 mm 3 and dry weight of 300 g. Batteries with a different form factor than the current compressed cylinder will be needed before implantation by injection is feasible. 3.11 (a) All weights in milligrams (mg).
(b) Battery is composed of two batteries, each with a weight of 135 mg.
4.1
Schedule
The logical next step in the acoustic microtransmitter downsize project is the development of an ASIC. Table 4 .1 lists the tasks and their expected duration for ASIC development. This analysis assumes that option 2 or option 3 would be chosen. Tasks 1 through 5 lead to the development of an initial prototype ASIC. A second version of the ASIC would be created and tested in tasks 6 through 8 to resolve any design issues. 
